A key requirement of a low-gravity screen-channel liquid acquisition device (LAD) is the need to retain 100% liquid in the channel in response to propellant outflow and spacecraft maneuvers. The point at which a screen-channel LAD ingests vapor is known as breakdown, and can be measured several different ways such as: visual observation of bubbles in the LAD channel outflow; a sudden change in pressure drop between the propellant tank and LAD sump outlet; or, an indication by wet-dry sensors placed in the LAD channel or outflow stream. Here we describe a new type of sensor for gauging a screen-channel LAD, the Radio Frequency Mass Gauge (RFMG). The RFMG measures the natural electromagnetic modes of the screen-channel LAD, which is very similar to an RF waveguide, to determine the amount of propellant in the channel. By monitoring several of the RF modes, we show that the RFMG acts as a global sensor of the LAD channel propellant fill level, and enables detection of LAD breakdown even in the absence of outflow. This paper presents the theory behind the RFMG-LAD sensor, measurements and simulations of the RF modes of a LAD channel, and RFMG detection of LAD breakdown in a channel using a simulant fluid during inverted outflow and long-term stability tests.
I. Introduction
N 2010, NASA released a draft of its Space Technology Roadmap to help guide the development of space-related technologies 1 . The roadmap contains fourteen different technical areas including In-Space Propulsion Systems. The National Research Council provided an independent review of the draft roadmap, and the results of the NRC study were published in a 2012 report which also identified high-priority technologies for each technical area 2 . Within the In-Space Propulsion Systems technical area, cryogenic propellant storage and transfer was one of the technologies identified by the NRC as a high-priority. In order to enable the transfer of liquid propellants in lowgravity, either to another tank such as a depot or a propulsion feed-system, a low-gravity liquid acquisition device (LAD) is needed to acquire liquid from practically anywhere inside the tank and make it available to the tank outflow system. One type of LAD which operates passively and is based on capillary action of the liquid is the Figure 1 . Photo of the screen-channel LAD used in these tests.
screen-channel type LAD. Although LAD's have been used successfully for storable propellants 3 and superfluid helium 4 in low-gravity, they have not been tested in low-gravity with a cryogenic propellant. Each type of LAD has some advantage and disadvantage which needs to be assessed based on the system requirements. When a moderate rate of propellant outflow is desired even during periods of adverse accelerations, the screen-channel LAD is generally preferred 5 . A key requirement for the LAD system is to acquire vapor-free liquid and make it available for transfer to the propellant feed system 6 . The ingestion of vapor into the feed system can potentially lead to problems such as inefficient propellant transfer, pump damage (if a pump is used in the feed system), or engine damage if the feed system is delivering propellant to an engine. Thus, it may be advantageous to have a sensor which can detect vapor in the LAD system before it reaches the feed system. Although not used in a LAD, a state-of-the-art sensor of this type is an engine cut-off sensor, which senses a wet-dry transition to detect vapor before it reaches the tank outlet. The space shuttle liquid hydrogen external tank, for example, used wet-dry sensors as engine cut-off sensors. Although a few such sensors can be used for a settled-liquid application, the use of point sensors for a low-gravity application may not reliably detect ingestion of vapor into the LAD or feed system unless, perhaps, a large number of sensors are used.
In this paper we describe a new type of sensor that can be used in a low-gravity propellant management device (PMD) such as a screen-channel LAD or screened-sump to detect vapor ingestion before it reaches the tank outlet or feed system. The sensor is based on the same operating principle as the RFMG 7, 8 . The RFMG measures the natural electromagnetic modes of the LAD, which are affected by the presence of the dielectric liquid. By measuring a change in the frequency of the modes, it is possible to detect vapor bubbles inside the LAD. This paper presents the principle of operation of the RFMG sensor, measurement and simulations of a screen-channel LAD RF modes, and RFMG detection of LAD breakdown in a screen channel using 3M™ Fluorinert™ FC-77 as a simulant fluid 9 .
II. Principle of Operation
A typical screen channel LAD is comprised of a rectangular channel, three sides of which are solid metal, and the fourth side being the porous screen. Figure 1 shows the LAD channel used in the tests reported here; both the channel and screen are constructed from stainless steel. When incorporated into a flight system, the screen side of the channel faces the tank wall, but mounted slightly away from the wall to allow liquid to pass into the channel, and the LAD channel is manufactured to conform to the tank wall curvature. Several LAD channels may be mounted in a tank, connecting together at a sump outlet. The screen inhibits the passage of vapor from the tank ullage into the LAD, thus providing a continuous supply of bubble-free liquid to the sump. The fine mesh screen inhibits the passage of vapor through capillary action of the liquid along the screen mesh. When fully wetted by the liquid, the screen mesh can reject the passage of vapor across the screen as long as the pressure difference between the tank ullage and LAD channel is less than the bubble-point pressure, P BP , given by
where J is the liquid-vapor surface tension of the liquid, and D P is the effective pore diameter of the screen mesh. For the 325 x 2300 Dutch twill screen used in this LAD channel, the effective pore diameter calculated from bubble-point measurements is 14.0 microns 10 . In order to characterize the effective pore diameter of a screen, the bubble-point pressure is often measured using isopropyl alcohol, and (1) is then used to calculate the effective pore diameter. In 1g ground tests where the LAD is oriented vertically, the LAD channel can hold a column of liquid of maximum height h max determined by equating the liquid column head pressure with the bubble-point pressure:
where U is the density of the fluid and g the acceleration due to Earth's gravity. Equation (2) is strictly valid for a static liquid (no flow) since it neglects the flow-induced pressure drop across the screen. At low flow rates, however, (2) is a very good approximation.
The liquid level in the LAD was monitored in these tests using the same principle as RFMG, albeit at higher microwave frequencies. In operation, the RFMG detects the electromagnetic eigenmodes, or natural resonant frequencies, of a tank (or LAD channel in this case) containing a dielectric fluid such as a cryogenic propellant. The essential hardware components, shown in Figure 2 , consist of the LAD channel, an internally mounted antenna probe, an RF reflectometer that measures the reflected power from the antenna probe, and a computer. At a resonant frequency there is a drop in the reflected RF power, and these inverted peaks in the reflected power spectrum, shown in Figure 3 as the return loss or S 11 spectrum, are identified as the LAD channel eigenmode frequencies using a peak-detection software algorithm. This eigenmode frequency information is passed to a pattern matching algorithm, which compares the measured eigenmode frequencies with a database of simulated eigenmode frequencies at various fill levels and liquid configurations. The database of simulated eigenmode frequencies is created in advance using electromagnetic simulation software to calculate the LAD channel eigenmodes at various fill levels for a vertically oriented channel. A best match between the simulated and measured mode frequency values occurs at some fill level, which is then reported as the gauged fill level.
The natural electromagnetic mode frequencies of a rectangular channel closed at both ends are given by § L l b n a m c f mnl (3) where c is the speed of light, m = 0, 1, 2,.., n = 0, 1, 2, ... but (m,n) ≠ (0,0), l = 1, 2, 3, … are the mode indices, and a, b, L are the height, width, and length of the channel. The LAD channel used in these tests had dimensions a = 2.5 cm, b = 5.1 cm, and L = 61.0 cm. For a channel length L >> b > a, the lowest modes of the channel are given by m = 0, n = 1, and l = 1, 2, …. Equation (3) provides an excellent estimate of the empty LAD channel mode frequencies, but for the highest accuracy it is necessary to include other details of the LAD channel, such as fluid line ports and the antenna in a computer finite element model. Our simplified model of the LAD channel included the two larger fluid line ports (2.5 cm diameter) and the 1.2 cm long antenna. The model was created in COMSOL 11 , and the RF Module was used to compute the LAD mode frequencies as a function of liquid level using a measured dielectric constant of H = 1.827 for the FC-77 liquid. Figure 4 shows the calculated mode frequencies as a function of liquid fill level in the vertical LAD channel. The database of simulated mode frequencies is used in the gauging algorithm to determine the liquid level in the LAD channel. The lowest mode was not detected in the empty LAD spectrum, but was detected at some fill levels. When a mode's electric field amplitude is near a minimum at the antenna location, the coupling to the mode is poor, resulting in poor coupling or no coupling at all to the mode.
III. Test Setup and Procedures
The LAD channel was mounted inside a 108.1 L capacity tank which was attached to a rotatable rig. The rotation rig was useful for orienting the LAD channel in such a way as to enable removal of air bubbles during the tank and LAD channel fill procedure. The long axis of the LAD channel was aligned with the long axis of the tank, and was kept in the vertical position during testing except when the tank and LAD were being filled with liquid.
The liquid used in these tests, Fluorinert TM FC-77, was chosen for its good dielectric properties and it also happens to have density and surface tension values close to that of liquid oxygen which makes it a good simulant fluid. The manufacturer's data sheet reports values of J = 0.013 N/m, U = 1780 kg/m3, and a dielectric constant of H = 1.9. We measured the dielectric constant of the liquid in the frequency range 2-4 GHz to be H = 1.827 by measuring the mode frequencies of the LAD channel when it was empty and when full of liquid. The full LAD channel frequencies are related to the empty values by (f_empty/f_full) 2 = H.
One of the smaller stainless steel fluid line tubes that was connected to the LAD channel (visible in Figure 1 ), 7.5 cm from the end of the channel, was used as an antenna port. A 1.2 cm long stub antenna was fabricated from a 3.54 mm diameter, 10 cm long semi-rigid coax cable by removing 1.2 cm of the outer conductor at one end of the cable, and attaching a SMA electrical connector at the other end. The antenna was inserted into the LAD via the small fluid line port, and good electrical connection between the outer cable conductor and the fluid line tube was made using conductive copper tape.
After the LAD channel was mounted to the bottom of the open tank, the fluid line and RF connections were made to the LAD and to hermetically sealed fluid and electrical pass-throughs on a flange attached to the upper dome of the tank. A wet-dry sensor was also mounted in the tank at the same level as the top of the LAD screen face, which served as a benchmark level sensor during tank draining. The upper tank dome was then attached to the rest of the tank, and the remaining fluid line connections to a peristaltic pump and fluid container were established, as was the electrical connection of the wet-dry sensor to a simple monitoring circuit and the antenna cable to an RF reflectometer.
When in operation, the RF reflectometer sends a -10 dBm signal to the antenna and measures the reflected power. In these test, the frequency range of the signal was 2.0 -5.4 GHz, which was swept using 10,001 discrete points in a three second period. The period between successive RF measurement-sweeps was adjusted from zero seconds for fast measurements during LAD outflow, to once every 3 hours during LAD stability tests.
After establishing a good RF signal, the tank was filled to 95% fill level, which corresponds to 4.3 cm above the top end of the LAD channel. The tank was then rotated so that the LAD was horizontal, with the screen channel facing down and fluid ports pointing up. At this point, there were still vapor pockets inside the LAD channel, as evidenced by a changing RF signal depending on liquid position inside the LAD. The fluid pump was turned on, drawing liquid and vapor outside the LAD, which was replenished by liquid flowing through the screen from the tank. The fluid system included a vapor recirculation line to ensure that the tank remained at atmospheric pressure during removal of liquid from the tank. By rocking the tank back and forth during liquid outflow, we found that it was possible to remove the bubbles from the LAD channel. An unchanging RF spectrum was taken as evidence that the air bubbles had been removed from the LAD. Pumping was then stopped, and the tank was rotated back to the vertical position. During this LAD filling process, the tank liquid mass dropped by only 2-3%, which still kept liquid above the LAD when rotated back into the vertical position.
Upon filling the tank and LAD channel, either of two different tests were conducted as part of this study. In the inverted outflow test, referring the reader to Figure 2 , fluid was continuously drawn out of the LAD through the upper fluid port while recording RF spectrum data once every three seconds. The tank was drained through the LAD until breakdown occurred, which was noted by both a shift in the RF mode frequencies and bubbles visible in the external fluid line. In the LAD stability test, the tank was drained via the LAD channel bottom fluid port to 20.3 cm below the top of the LAD, exposing a 14.0 cm length of screen-channel, and leaving a full liquid column in the LAD channel which was monitored for a period of one month while recording RF spectra once every 3 hours.
When filling or draining the tank, the mass of liquid entering or exiting the tank is measured. A model of the tank is used to convert the measured mass of liquid inside the tank to a percentage fill by volume. The model is also used to convert liquid mass to height of liquid in the tank. The model is considered accurate to ±0.2% by volume, and we note that the benchmark wet-dry sensor which was mounted parallel to the face of the tank dome flange indicated a fill level (based on the mass of liquid in the tank at the point it changed from wet to dry) of 80.6%, in excellent agreement with the model value of 80.6% fill at the flange location.
IV. Results and Discussion
The inverted outflow test is a convenient way to characterize LAD breakdown during flow conditions 12 , and can give a measure of the liquid column height supported by the LAD when breakdown occurs. From Eq. (2), we expect the LAD to hold a 21.3 cm column of FC-77 liquid before breakdown. The screen-face of the LAD used in these tests was 48.3 cm long, centered on the 61.0 cm LAD channel, leaving a 6.4 cm length region at each end that could hold additional liquid (or trapped air) but was not affected by the screen bubble-point. Thus, the LAD was predicted to hold up to a 27.7 cm total column of liquid above the tank bulk fluid fill level. During the inverted outflow test, conducted at a flow rate of 1.33 kg/min, the RF data were recorded continuously, visual observations of the RF spectra were made to observe frequency shifts of the modes, and the external fluid lines were observed for evidence of bubbles in the outflow. Figure 5 shows a plot of the measured LAD channel mode frequencies as a function of time during the inverted outflow test. Visual observation of bubbles occurred in the fluid lines at approximately 15:48:00, three minutes after observing shifts in the mode frequencies. The delay is not surprising given that the fluid port used for outflow resides below the top of the LAD channel. The gauged LAD %-fill versus time plot, also shown in Fig. 5 , shows that the RFMG gauged fill level of the LAD began decreasing at nearly the same time as visual observations of the change in mode frequencies. Note that the gauged output, having 1% output resolution in these tests, indicates that the LAD was not completely full at the start of the test. It was noted during this test that removal of all the air from the LAD channel during filling was not completely successful. Nevertheless, the bubble resided in the upper portion of the LAD, above the screened face area which extends up to the 90% LAD fill level.
At the time that the breakdown occurred and vapor was ingested into the LAD channel, the tank liquid level was 25.9 cm below the top of the LAD channel. Thus, the measured fluid height at breakdown is in good agreement with the predicted value of 27.7 cm. The results demonstrate that the RF sensor can provide a relatively simple method for detecting breakdown in a LAD.
In a long term stability test, also demonstrating the utility of the RF sensor in the LAD, the tank and LAD was filled with FC-77, then drained through the bottom fluid port of the LAD (the top port was capped) until the tank liquid level was 20.3 cm below the top of the LAD channel, resulting in an exposed screen-channel length of 14.0 cm. The stability of the column of liquid in the LAD channel was monitored by the RF sensor once every 3 hours for a period of one month. The data system recorded the RF spectra, and was post-processed to convert the measured frequencies to a LAD %-fill value as a function of time. The results are shown in Figure 6 . The plot shows that the liquid level in the LAD steadily decreased by -0.5%/day during the first three weeks, with a noticeable change in slope around day 21, followed by breakdown, or loss of the liquid column, on day 26.
A reasonable explanation for the change in slope on day 21 is that the liquid column height had decreased to the level of the screen, which is 6.4 cm or 10.4% below the top of the LAD channel, thus exposing the LAD screen to vapor on both sides of the screen. The initial, steady decrease of liquid height in the LAD channel during the stability test is likely due to a combination of air diffusion in the FC-77, which would accumulate as a growing vapor pocket in the top of the channel, and liquidloss via evaporation from the screen-channel face back into the bulk liquid reservoir. Although the vapor is in a saturated state at the tank liquid-vapor interface, there is a gravity induced pressure gradient in the vapor phase that causes the partial pressure of the FC-77 to decrease as a function of height. The loss of liquid by evaporation from the screen face would be partially compensated for by wicking of liquid up the screen and LAD channel from the bulk reservoir. It is possible that the balance between air diffusion, liquid evaporation from the screen, and liquid mass transport up the LAD channel reached a breaking point at the 82% LAD channel fill level, when a 4.6 cm long section of screen-channel face was exposed to air on both sides of the screen. Although such a breakdown process may not happen in a microgravity condition, it does demonstrate the utility of the RF sensor for investigating fundamental characteristics of screen-channel LAD's in a 1g environment. Previously reported measurements of screen-channel LAD stability in a 1g environment are limited to 10 minutes during stepped expulsion testing 12 . As a suggestion for further work in this area, it would be valuable to create a model of the LAD stability process, and conduct a similar LAD stability test with the RF sensor using a liquid cryogen and compare the results against the model predictions.
V. Conclusions
The RF mass gauge sensor has been used to monitor the liquid level in a screen-channel liquid acquisition device during inverted outflow and long-term LAD stability tests. It was shown that the sensor can detect breakdown in the LAD channel, and can measure changes in LAD fill over time during stability tests. The antenna sensor in the LAD channel is relatively non-intrusive, comprised of a simple monopole stub antenna, and is capable of detecting vapor pockets anywhere along the LAD channel. Although the lower limits of vapor pocket size were not investigated here, it is reasonable to expect the sensor to detect a change in 0.1% of fill level by monitoring several of the higher mode frequencies. 
